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The appearance of informative signals in the mass spectra of laser-ablated bio-aerosol particles
depends on the effective ionization probabilities (EIP) of individual components during the
laser ionization process. This study investigates how bio-aerosol chemical composition
governs the EIP values of specific components and the overall features of the spectra from the
bio-aerosol mass spectrometry (BAMS). EIP values were determined for a series of amino acid,
dipicolinic acid, and peptide aerosol particles to determine what chemical features aid in
ionization. The spectra of individual amino acids and dipicolinic acid, as well as mixtures,
were examined for extent of fragmentation and the presence of molecular ion dimers, which
are indicative of ionization conditions. Standard mixtures yielded information with respect to
the significance of secondary ion plume reactions on observed spectra. A greater understand-
ing of how these parameters affect EIP and spectra characteristics of bio-aerosols will aid in the
intelligent selection of viable future biomarkers for the identification of bio-terrorism
agents. (J Am Soc Mass Spectrom 2004, 15, 900–909) © 2004 American Society for Mass
SpectrometryThe ability to perform species level detection ofindividual cells or spores, or monitor specificbiological processes by mass spectrometry, re-
quires the ionization and identification of specific mark-
ers (biomarkers). Many mass spectrometry techniques
have been employed for the ionization of biomarkers
directly from microorganisms, including pyrolysis elec-
tron impact mass spectrometry and fast atom bombard-
ment [1–3]. More recently, electrospray ionization (ESI)
and matrix-assisted laser desorption/ionization
(MALDI) have been employed to ionize and character-
ize protein biomarkers for viruses, bacteria, and fungi
[4–8]. Electrospray has the advantage of being a rela-
tively soft ionization method producing multiply
charged molecular ions. However, the complexity of the
spectra produced from biological samples often hinders
rapid interpretation [4]. Although MALDI is not hin-
dered by such problems and has shown the ability for
species level detection, it does require sample prepara-
tion with an often acidic denaturing matrix, which leads
to increased analysis time as well as an additional
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doi:10.1016/j.jasms.2004.02.013degree of analysis variability [9]. The removal of sample
preparation was proven successful using matrix-free
laser desorption/ionization coupled with a TOF ana-
lyzer to discriminate various Bacillus species from one
another [9]. However, this method still maintained the
disadvantage of analyzing colonies of cells on a surface,
not single cells in the atmosphere.
The current approach involves bio-aerosol mass spec-
trometry (BAMS), which is a method for real-time
analysis of bio-aerosols [10]. Unlike traditional chemical
and biochemical methods for bacteria identification,
which have relatively long analysis times ranging from
hours to days [11], bio-aerosol mass spectrometry re-
quires only seconds [10, 11]. Each particle is analyzed
individually with no required sample preparation. Con-
sequently, background particles do not complicate the
analysis as they have mass spectra that are distinctly
different from specific bio-particles. This technology
has many potential applications including real-time
screening of mail, passengers, and luggage for chemical
and biological agents. One could also track the trajec-
tories of a bio-aerosol release in order to inform and
protect those most at risk of exposure. Advances in
basic science may also be possible with this methodol-
ogy, including the identification of biomarkers for met-
abolic processes, and diseases such as tuberculosis.r Inc. Received October 14, 2003
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901J Am Soc Mass Spectrom 2004, 15, 900–909 IONIZATION OF BIOMARKERS FROM MICROMETER PARTICLESMonitoring biomarkers for stages of cell development
and death, i.e., a healthy cell becoming cancerous, may
also be possible.
The instrument has previously been shown to iden-
tify Bacillus spores in real-time [10]. This ability is based
on the use of identifying a representative fingerprint
spectrum of the spore [10]. The fingerprint spectrum
contains specific biomarker peaks for Bacillus spores.
Dipicolinic acid, the most abundant chemical compo-
nent of Bacillus spores at 5 to 14% of the dry mass, is
located in the spore core [12]. Two peaks in the negative
mass spectrum of Bacillus spores at m/z 166.0 and
167.0 have been identified by stable isotope labeling
as deprotonated and odd electron DPA molecular ions,
respectively [13]. Two additional spore core compo-
nents, arginine and glutamic acid, have also been iden-
tified and are observed in the negative mass spectrum
as deprotonated species at m/z 173 and 146, respec-
tively [13].
This study is focused on understanding the factors
governing efficient ionization of bio-aerosols. This will
help explain why only core components are observed in
the Bacillus spore mass spectra. Many MALDI experi-
ments have shown the importance of an efficient ab-
sorbing matrix to aid in the ionization process of
aerosols [14–19]. Secondary plume reactions such as
proton transfer reactions have also been shown to be
significant in determining what ions are observed [20–
22]. Absorption efficiency and plume reactions likely
govern the observed spectra of spores as well. Because
the current approach to biomarker detection involves
reagentless BAMS, the effects of particle chemical com-
position, without a matrix, on effective ionization prob-
ability (see the Experimental section) and observed
spectra were examined with various model com-
pounds. Model compounds were chosen which are
commonly found in bacterial spores, including amino
acids, peptides, and dipicolinic acid (DPA).
Experimental
Aerosol Generation
Amino acid, DPA, and mixture aerosols were generated
from a Collison nebulizer (TSI, Incorporated, Shore-
view, MN). Standards for the nebulizer were prepared
as 2  103 M solutions in H2O. All standard mixtures
were prepared as 1:1 molar ratios (1  103 M each) in
H2O, and nebulized. A blank sample was run between
each sample to ensure zero cross contamination. Neb-
ulized particles were passed through a silica drying
column, and sampled into the mass spectrometer. The
air flow rate of the nebulizer was maintained at 1.26
L/min which kept the particle stream below an average
rate of 1.5 per s, well within the linear regime of the
instrument [23]. Peptide powder aerosols were gener-
ated by gently agitating a bottle and sampling the
headspace into the mass spectrometer. This gentle agi-
tation also produced an irregular particle stream butdid not exceed a rate of 1.7 particles per s for all powder
aerosols.
Mass Spectrometry
All experiments were performed using an aerosol time-
of-flight mass spectrometer (ATOFMS) instrument [23].
Briefly, particles were sampled by the instrument, at a 1
L/min flow rate, focused into a particle stream by an
aerosol nozzle, and tracked by two scattering lasers.
The aerodynamic diameter of each particle was deter-
mined from its terminal velocity. This velocity deter-
mined the time at which a 266 nm Nd:YAG desorption/
ionization laser was fired at each particle. Therefore,
each tracked particle was also fired on by the ionization
laser. Positive and negative mass spectra were obtained
via two TOF reflectron mass analyzers. All spectra were
acquired at a laser pulse energy of 0.21 mJ per pulse,
which was optimized for Bacillus spore spectra. The
Nd:YAG laser diameter has been previously measured
at 400 um [24], thus 0.21 mJ corresponds to an average
fluence of 1.7 nJ/m2 [24]. All spectra shown are the
sum averages of single particle spectra for each sample.
Effective Ionization Probability
There are two possibilities that occur for tracked parti-
cles. Some particles tracked and fired upon by the
ionization laser generate a mass spectrum, while other
particles do not generate a mass spectrum. Effective
ionization probability (EIP) was calculated as the num-
ber of particles that generate a mass spectrum divided
by all tracked particles within the size range of 0.3 m
to 3.0 m. Since particles of similar size experience
similar divergence, defining a consistent size range
effectively removes particle divergence bias from the
EIP values. All samples were run in triplicate in order to
generate standard deviation error bars shown on all the
EIP plots. All instrument conditions affecting EIP val-
ues, such as the scattering laser positions, the ionization
laser position, spectrum detection threshold etc., were
held constant throughout this study.
Results and Discussion
The BAMS mass spectra of Bacillus spores contain
primarily analytes from the spore’s core including DPA,
arginine and glutamic acid [10, 12, 13]. These conclu-
sions were reached after growing the organism in 13C
and 15N enriched media. The appropriate mass shifts
obtained in each media along with the mass yielded the
identity of the amino acids and dipicolinic acid ob-
tained in the spectra. To understand better why only
core components are observed in the spore spectra, a
series of standard amino acid and DPA bio-aerosols
were analyzed by BAMS under conditions that coincide
with those used for Bacillus spores. There are a number
of factors that govern the appearance of a mass spec-
trum for a tracked particle. Many of these are physical
sol
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the interaction between the particle and the ionizing
laser. A significant factor is the diameter and the profile
of the Nd:YAG laser beam. In these experiments, the
diameter is approximately 400 m [24]. Because the
profile is Gaussian, the ionization of the particle will
depend on where it interacts with the beam. There are
areas in the beam that have high fluence, where the
probability of ionization is high. Given that particles of
the same size will experience similar divergence, we can
extract the chemical factors by comparing the ionization
of particles of different composition. We chose a narrow
size distribution corresponding to the region of 0.3 to 3
m where the divergence characteristics were similar.
We define an EIP, which is the ratio (100) of tracked
particles that produce mass spectra to the total number
of particles that are tracked within 0.3 to 3.0 m. A
value of 100% means that all tracked particles produce
mass spectra. These conditions were not attainable due
to the factors such as particle beam divergence and the
specific interaction of the particles with the various
regions of the laser beam, as described earlier. More
typical values ranged from zero to approximately 40%.
Figure 1. (a) Average of 770 single particle dip
single particle phenyl alanine dual polarity spect
polarity spectra. Size histograms of all bio-aeros
each standard are shown as well. All spectra we
DPA particles were aerosolized from 2  103 MAnalyses of Aerosolized Single Component
Particles
Particles of pure dipicolinic acid yielded the highest EIP
(35%) of all pure particles. Figure 1a shows a represen-
tative spectrum of DPA (averaged from 770 single
particle spectra) in which both protonated and depro-
tonated molecular ions were observed at m/z 168.0
and 166.0, respectively. Note that both positive and
negative modes are presented in a single spectrum. For
clarity cations will have positive m/z values while
anions will have negative m/z values. The molecular ion
region in the anion mode is noteworthy as both a
deprotonated (m/z 166.0) and what appears to be a
negative molecular ion (m/z167.0), due presumably to
an electron capture event, are observed. This electron
capture species has also been observed in Bacillus spore
spectra [13]. Fragments of the protonated and deproto-
nated molecular ions via CO2 losses were also observed
at m/z 124.0 and 80.0 in the positive mode, and m/z
122.0 and 78.0 in the negative mode. A series of
potassiated and sodiated species were observed at m/z
190.0, 212.0, 228.0, 234.0, 250.0, and 265.9. A
ic acid dual polarity spectra. (b) Average of 760
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spectrum at m/z 188.0.
Particles of phenyl alanine had a similarly high EIP
of 31%. The spectrum (average of 760 single particle
spectra) is shown in Figure 1b. Both protonated and
deprotonated molecular ions were observed at m/z
166.0 and 164.0, respectively. Unlike DPA, the neg-
ative electron capture molecular ion was not observed.
Extensive fragmentation yielded a series of carbocations
including losses of side chains and a carboxylic acid
group. The protonated dimer at m/z 330.9 as well as
fragments of this dimer were observed. A CO2 loss at
m/z 287.0 and a H2CO2 loss at m/z 241.0 were both
present. The presence of the dimer and its associated
fragments indicate that the interaction in the proton-
bound dimer is strong.
The spectrum for tryptophan (average of 799 single
particle spectra), another aromatic amino acid, is shown
in Figure 1c. The EIP for these particles was relatively
high at 30%. Both protonated and deprotonated molec-
ular ions were observed at m/z 205.1 and 203.0,
respectively. A fragment ion due to the loss of water
was observed at m/z 187.1. Fragment ions containing
Figure 2. (a) Average of 744 tyrosine single pa
particle histidine dual polarity spectra. (c) Averag
Size histograms of all bio-aerosol particles used
shown as well. All spectra were acquired at 0.21
aerosolized from 2  103 M solutions via a Cothe side chain were observed in the negative spectrum
at m/z 157.0, 142.0, 130.0, and 116.0. A comple-
mentary fragment consisting of only the main chain
was observed at m/z 72.0. Fragments were also ob-
served in the positive mode at m/z 159.1, 144.1,
130.1, 117.0, 103.1, 77.0, and 30.0. The trypto-
phan spectra contained a high degree of fragmentation,
similar to that seen in DPA.
Tyrosine had a lower EIP value (23%) compared to
the other aromatic amino acids. The spectrum (average
of 744 single particle spectra) shown in Figure 2a
contained both protonated and deprotonated molecular
ions at m/z 182.3 and 180.0, respectively. Losses of
water from both molecular ions were observed at m/z
164.2 and 162.1. A deprotonated dimer was ob-
served with one hydrogen replaced by a sodium at m/z
383.0. Deprotonated fragments containing the side
chain were observed in the negative ion spectra at m/z
135.1 and118.9. Deprotonated fragments containing
the main chain were observed at m/z 89.0 and 72.0,
as well. The corresponding fragments in the positive
mode were observed at m/z 165.9, 136.2, 107.1,
91.1, 77.0, and 53.0.
dual polarity spectra. (b) Average of 863 single
552 single particle arginine dual polarity spectra.
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er pulse. All amino acid and DPA particles were
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shows the mass spectrum (average of 863 single particle
spectra) with both protonated and deprotonated molec-
ular ions at m/z 156.0 and 154.0, respectively. A
sodiated quasimolecular ion was observed in the posi-
tive mode at m/z 178.0. Limited fragmentation was
observed, via a loss of HCOOH to m/z 110.0, and a
main chain fragment at m/z 72.0.
The basic amino acid arginine, had no aromatic side
chain group, but had an EIP of 10%. Figure 2c shows the
mass spectrum (average of 552 single particle spectra)
in which protonated and deprotonated molecular ions
were observed at m/z 175.0 and 173.0, respectively.
Despite it being the most basic amino acid, an abundant
deprotonated molecular ion was observed. Fragmenta-
tion along the side chain yielding a loss of H2NCN m/z
131.1 was observed. A fragment containing primarily
the side chain was also observed at m/z 70.0.
The EIP values of dipicolinic acid and the amino
acids that were investigated are plotted in Figure 3.
High EIP values are clearly associated with the presence
of a UV absorbing aromatic side chain. These results are
consistent with previous findings for PAHs and other
aromatic aerosols [25]. Glutamic acid, aspartic acid,
alanine, glutamine, glycine, and asparagine were also
examined but had EIP values of zero as no mass spectra
were obtained for these particles at a laser pulse energy
of 0.21 mJ per pulse. The presence of glutamic acid in
Bacillus spore spectra may be due to the large amount of
DPA in the spore core. This naturally occurring matrix
may aid in the ionization of non-absorbing components.
Figure 3. Plot of EIP values for all amino acid and dipicolinic
acid aerosols. EIP values were calculated as a percentage of
particles that generated mass spectra divided by the total number
of particles tracked within 0.3–3.0 m. Error bars represent the EIP
standard deviations of each sample run in triplicate. Laser pulse
energy was set to 0.21 mJ per pulse for all samples.Analyses of Single Component Particles of Peptides
A similar study of small peptides was performed in
order to determine if peptides containing UV absorbing
aromatic amino acid residues had significantly higher
EIP values than those without. The EIP values of the
various peptides are summarized in Figure 4. A similar
trend was observed in which peptides containing a
phenyl group had significantly higher EIP values than
those without. Gly-Gly-Tyr-Arg, which contains both
an aromatic amino acid residue and a basic residue, had
the highest EIP value at 26%. Gly-Gly-Phe and Gly-Phe
had EIP values that were slightly less at 23 and 21%,
respectively. Peptides that did not contain aromatic
amino acids had the lowest EIP values at less than 6%.
These results were again consistent with efficient ion-
ization of UV absorbing aromatic amino acid aerosols,
and substituted aromatic compounds ionized from a
surface as in MALDI [26].
The mass spectrum for Gly-Phe, shown in Figure 5a,
contained the protonated and deprotonated molecular
ions at m/z 223.1 and 221.1, respectively. Fragments
resulting from the loss of CO2, glycine, and HCOOH
from the protonated molecular ion were also observed
in the positive spectrum at m/z 179.1, 166.1, and
120.0, respectively. A deprotonated molecular ion
dimer and a corresponding water loss were observed,
albeit with relatively low abundances, at m/z 443.3
and 425.3, respectively.
Figure 5b shows the spectra of Gly-Gly-Phe, which
contained both protonated and deprotonated molecular
ions at m/z 280.1, and 278.1, respectively. Successive
losses of glycine residues with HCOOH were observed
Figure 4. Plot of EIP values of all peptide dry powder aerosols.
EIP values were calculated as a percentage of particles that
generated mass spectra divided by the total number of particles
tracked within 0.3–3.0 m. Error bars represent the EIP standard
deviations of each sample run in triplicate. Laser pulse energy was
set to 0.21 mJ per pulse for all samples.
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molecular ion dimer was also observed, in relatively
low abundance, at m/z 557.3. The presence of molec-
ular ion dimers in phenyl alanine containing peptides
was consistent with dimers observed for the Phe amino
acid.
The spectra of Gly-Gly-Tyr-Arg, shown in Figure 5c,
contained both protonated and deprotonated molecular
ions at m/z 452.5, and 449.6. Fragmentation, via a
CO2 loss from the protonated molecular ion to m/z
408.4, was observed in the positive mode. Although
MALDI has been pursued for enhanced ionization of
peptide aerosols [14–19], the results presented in this
report show self-contained aromatic residues are suffi-
cient for direct desorption/ionization of small peptides
with a 266 nm laser.
Component-Assisted Ionization in Mixtures
The presence of an absorbing medium in the particle is
clearly necessary to enhance the ionization of the par-
ticle. Whether the absorbing medium can similarly
enhance the ionization of a secondary component, akin
to a gas-phase matrix-assisted ionization (as in
Figure 5. (a) Average of 144 single particle Gly
particle Gly-Gly-Phe dual polarity spectra. (c) A
polarity spectra. Size histograms of all bio-aeros
each standard are shown as well. All spectra we
were aerosolized from dry powder.Figure 6. Plot of EIP values of glutamic acid, arginine, dipicolinic
acid, and phenyl alanine mixtures. EIP values were calculated as
a percentage of particles that generated mass spectra divided by
the total number of particles tracked within 0.3–3.0 m. Error bars
represent the EIP standard deviations of each sample run in
triplicate. Laser pulse energy was set to 0.21 mJ per pulse for all
samples.-Phe dual polarity spectra. (b) Average of 151 single
verage of 200 single particle Gly-Gly-Tyr-Arg dual
ol particles used to generate the average spectra for
re acquired at 0.21 mJ per pulse. All peptide particles
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mixtures. Ion suppression is also known to occur in
many MALDI experiments due to secondary ion plume
proton transfer reactions governed by relative gas
phase basicities [20–22]. The possibility of a similar
phenomenon occurring in the ionization of bio-aerosols
was investigated by mixing components with differing
acid/base properties and observing both positive and
negative spectra simultaneously. A nebulized aerosol
begins as a liquid droplet. This droplet then passes
through a silica drying tube in which the particle dries
down. The composition of the dried particle is assumed
to reflect that of the bulk solution. Thus when the
particle dries down, a 1:1 molar ratio solution will
produce a 1:1 molar ratio solid particle. This allows for
the investigation of suppression effects in particles with
defined compositions.
Dipicolinic acid was mixed with two amino acids
with differing gas-phase basicities, namely arginine and
glutamic acid. The mixtures were prepared as 1:1 molar
solutions and nebulized. The EIP values of various
mixtures are summarized in Figure 6. For comparison,
Figure 7. (a) Average of 751 single particle ph
Average of 610 single particle phenyl alanine/
DPA/arginine single particle dual polarity spect
generate the average spectra for each standard ar
per pulse. All mixture particles were aerosolize
Collison nebulizer.mixtures with Phe were also examined. The addition of
aromatic components yielded higher EIP values for the
amino acids that did not contain aromatic groups. For
example, Arg increased from 10 to 30 and 33% when
mixed with Phe and DPA, respectively. Similarly, Glu,
which yielded no spectra as a pure compound, also had
higher EIP values of 32 and 35% when mixed with DPA
and Phe, respectively. Note however, when Arg and
Glu were mixed, the EIP did not increase and even
decreased relative to pure Arg. The results from the
mixture studies suggest a MALDI-like effect whereby
the ionization of the amino acids such as Arg, Glu, etc.
were enhanced by the presence of DPA and Phe. These
results help explain the presence of non-aromatic com-
ponents in the Bacillus spore spectra. The high amount
of DPA in the spore core may indeed aid in the
ionization of non-aromatic components.
Although efficient absorption of the radiation by the
particle is a requisite for desorption and ionization, the
appearance of ionic species may also be governed by
ion-molecule reactions in the nascent plume. The typi-
cal spectrum (average of 751 single particle spectra) of a
alanine/glutamic acid dual polarity spectra. (b)
ine dual polarity spectra. (c) Average of 752
ze histograms of all bio-aerosol particles used to
wn as well. All spectra were acquired at 0.21 mJ
m 1:1 molar solutions (1  103 M each) via aenyl
argin
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positive mode contained both protonated molecular
ions at m/z 166.0 and 148.0, respectively. Fragments
of Phe were also observed at m/z 120.0, 91.0, and
74.0. The negative mode was dominated by deproto-
nated glutamic acid at m/z 146.0 with little or no trace
of deprotonated phenylalanine. Deprotonated glutamic
acid where the second carboxylic acid hydrogen was
replaced by sodium was observed at m/z 168.0, while
a deprotonated dimer bound by a single Na at m/z
315.0 was also observed. In the pure Phe spectra, the
deprotonated species was a dominant peak but is
completely absent in the mixture. This is consistent with
the differences in gas phase basicity of each component
(Phe: 888.9 kJ/mole, Glu: 879.1 kJ/mole).
This suppressive effect was also observed in the
spectrum of an arginine and phenyl alanine mixture,
shown in Figure 7b. While the negative spectrum con-
tained both deprotonated molecular ions at m/z 173.0
and 164.0 for Phe and Arg, respectively, protonated
arginine with m/z 175.0 dominates the positive mode.
This result is also consistent with the gas phase basici-
ties of the two compounds (Arg: 1007 kJ/mole, Phe:
888.9 kJ/mole).
Similar observations were made when Arg was
mixed with DPA. The positive spectrum is again dom-
inated by protonated arginine at m/z 175.0 as shown
in Figure 7c. A low abundance fragment of arginine was
Figure 8. (a) Average of 784 DPA/glutamic aci
14 arginine/glutamic acid single particle dual
particles used to generate the average spectra fo
acquired at 0.21 mJ per pulse. All mixture parti
103 M each) via a Collison nebulizer.seen at m/z 70.0. The only evidence of DPA in the
positive spectrum was a low abundance [DPA  2CO2
 H] fragment at m/z 80.0. The negative mode
contained both deprotonated molecular ions of arginine
and dipicolinic acid at m/z 173.0 and 166.0, respec-
tively. Fragmentation of arginine, via a side chain loss,
was observed at m/z131.0. Fragmentation of DPA, via
CO2 losses, was observed at m/z 122.0 and 78.0,
which was also seen in pure DPA. An odd electron DPA
species was also observed in the negative spectrum at
m/z 167.0, which is also seen in pure DPA.
Mixing DPA and glutamic acid, two acidic compo-
nents, produced spectra shown in Figure 8a that lacked
a dominant component in either mode. Both protonated
and deprotonated DPA species were observed at m/z
168.0, and 166.0, respectively. Glutamic acid was
also present in both protonated and deprotonated
forms at m/z 148.0 and 146.0., respectively. Proton-
ated and deprotonated fragments of DPA, via CO2
losses, were observed at m/z 124.0, 80.0, 122.0, and
78.0, respectively. A glutamic acid fragment, via a
CO2 loss, was also observed, at m/z 102.1. Various
sodiated and potassiated quasimolecular ions were
observed from DPA at m/z 266.0, 250.0, 227.9,
211.9, 190.0, and 188.0. A sodiated glutamic acid
quasimolecular ion was also observed at m/z 168.0.
Mixing glutamic acid and arginine, an acidic and
basic amino acid with no aromatic side-chain, yielded a
gle particle dual polarity spectra. (b) Average of
rity spectra. Size histograms of all bio-aerosol
h standard are shown as well. All spectra were
ere aerosolized from 1:1 molar solutions (1 d sin
pola
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further evidence of acid/base proton transfer competi-
tion in the ion plume. The positive spectrum contains
only a protonated arginine molecular ion at m/z 175.0,
and a fragment at m/z 70.0. The negative spectrum
contains only the deprotonated glutamic acid molecular
ion at m/z 146.0.
Conclusions
The EIP of micrometer bio-aerosol particles is signifi-
cantly higher when an absorbing residue is present.
Mixing absorbing and non-absorbing compounds pro-
vides a MALDI-like environment that increases the EIP
of the non-absorbing molecule. The ions observed in
each polarity were found to be dependent on the
relative acidities and basicities of the components in the
mixture. The presence of protonated DPA and Phe in
the single component particles but not in mixtures with
Arg indicate a competition that likely occurs during the
desorption/ionization process, a process similar to that
believed for MALDI [20, 27]. These results also explain
a number of observations in the analyses of the spores.
The presence of DPA in the Bacillus spore core likely
contributes to the ionization process allowing the ob-
servation of amino acids within the core that do not
have UV absorbing aromatic side chains.
Generation of biomarker ions from spores and other
cells via BAMS involves a two step process of desorp-
tion and ionization. The correlation of high EIP values
with UV absorbing aromatic chromophores such as
DPA is indicative of an enhanced desorption process in
which the laser energy is efficiently coupled with the
analyte. Ionization is likely affected by proton transfer
reactions in the plume yielding protonated and depro-
tonated ions which were observed in positive and
negative polarities, respectively. This two stage process
explains the presence of peaks in the spore spectra from
non-absorbing analytes such as arginine and glutamic
acid. Future biomarkers will need to contain aromatic
residues such as DNA, RNA, and peptides or be in the
presence an absorbing chromophore that acts as a
natural matrix.
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